Introduction {#s1}
============

Protective adaptive immunity relies on cellular and humoral immune responses. Through presenting processed antigens on their MHC molecules, dendritic cells (DCs) are primarily responsible for initiating T cell-mediated cellular immunity, which is also required for T cell-dependent antibody responses. Germinal centers (GCs) are specialized microarchitecture within the follicles in the secondary lymphoid organs, where B cells undergo affinity maturation, selection and proliferation. Follicular helper T cells (Tfh) are a subset of CD4^+^ T cells marked by their expression of inhibitory receptor PD-1 and chemokine receptor CXCR5 and play important roles in the development of GC B cells by providing differentiation, survival and proliferation signals ([@bib8]; [@bib31]). While co-maturation between GC B cells and Tfh is required to stably maintain both subsets ([@bib2]; [@bib10]; [@bib42]), it has been shown that early instructive signals from antigen-bearing DCs are both necessary and sufficient to prime Tfh differentiation ([@bib1]; [@bib7]; [@bib10]; [@bib14]).

For the development of antibody responses, DCs not only promote Tfh differentiation but also directly support B cell survival and class-switching through their expression of B cell stimulatory ligands such as BAFF and APRIL ([@bib32]). Moreover, DCs are also important as antigen carriers that provide the initial antigen-specific receptor signaling to the cognate B cells in the lymph nodes (LNs) ([@bib43]). Indeed, in vivo antigen delivery to receptors specifically expressed by DCs can trigger robust class-switched antibody production even without an adjuvant ([@bib6]; [@bib51]). Importantly, antigen delivery strategies targeting distinct DC subsets seem to result in increased antigen-specific antibody titers regardless of the DC subset targeted ([@bib29]; [@bib52]), suggesting that multiple DC subsets are capable of inducing antibody production ([@bib6]). However, the regulatory mechanism that counteracts the ability of DCs to induce humoral responses is less well understood.

In mouse skin, there are at least three distinct skin-resident DC subsets at the steady-state including epidermal Langerhans cells (LCs), Langerin^+^ CD103^+^ dermal DCs (DDCs) and Langerin^-^ CD11b^+^ DDCs ([@bib21]). CD301b^+^ DCs are a major subset of migratory CD11b^+^ DDCs that express the highest levels of PD-1 ligands, PD-L1 and PD-L2, among DC subsets in the skin-draining LNs (dLNs) ([@bib12]; [@bib27], [@bib28]; [@bib36]). In addition to the dermis, CD301b^+^ DCs are found in the submucosa of gastrointestinal, respiratory and reproductive tract ([@bib11]; [@bib28]). By using Mgl2-DTR mice in which one of the endogenous *Mgl2* alleles (encoding CD301b protein) are replaced with a diphtheria toxin receptor (DTR)-GFP cassette, we have shown previously that inducible depletion of CD301b^+^ DCs by injecting diphtheria toxin (DT) results in impaired Th2 differentiation of antigen-specific CD4^+^ T cells following footpad immunization of protein antigen with Th2 adjuvants as well as after subcutaneous infection with *Nippostrongylus brasiliensis*. Notably, despite the impaired Th2 differentiation, mice that lack CD301b^+^ DCs developed intact antibody responses against *N. brasiliensis* infection ([@bib28]). In addition, recent studies have expanded the role of CD301b^+^ DCs beyond the Th2 differentiation program, by demonstrating that they are required for IL-17 production from dermal γδT cells following epidermal infection with *Candida albicans,* or from Th17 cells with intranasal infection with *Streptococcus pyogenes* ([@bib23]; [@bib30]).

Here, we describe the role of CD301b^+^ DC in the regulation of humoral immunity. We show that CD301b^+^ DC depletion results in a marked increase in Tfh, GC B cell and antibody responses to protein antigens even in the absence of adjuvants. Acute antibody blockade of PD-L1, but not PD-L2, at the time of vaccination enhanced Tfh, GC B and antibody responses in CD301b^+^ DC-dependent manner. In addition, transient depletion of CD301b^+^ DCs resulted in the generation of autoreactive antibody responses. Our study reveals a role for CD301b^+^ DCs in negative control of humoral responses, and has important implications in vaccine design and autoimmunity.

Results {#s2}
=======

Depletion of CD301b^+^DCs enhances antigen-specific class-switched antibody production in response to type 2 immunogens {#s2-1}
-----------------------------------------------------------------------------------------------------------------------

To understand the role of CD301b^+^ DC on the antibody response, we utilized a model of a single immunization with OVA and papain in the footpad, which by itself induces a minimal antibody response in wild-type (WT) mice ([Figure 1a](#fig1){ref-type="fig"}). Immunization of Mgl2-DTR mice depleted of CD301b^+^ DCs resulted in greatly enhanced production of OVA-specific class-switched antibodies ([Figure 1b](#fig1){ref-type="fig"}). The increased antibody titers were evident on day 14 after a single immunization and enhanced following a systemic secondary exposure to the same antigen without an adjuvant ([Figure 1b](#fig1){ref-type="fig"}). However, the antibody titers were not elevated when CD301b^+^ DCs were depleted five days post-immunization ([Figure 1c,d](#fig1){ref-type="fig"}). These results indicated that the presence of CD301b^+^ DCs during the early phase of primary immunization has a negative and lasting impact on humoral immunity.10.7554/eLife.17979.003Figure 1.Depletion of CD301b^+^ DCs leads to enhanced antibody responses.(**a**,**b**) WT and Mgl2-DTR mice were injected i.p. with 0.5 µg DT on days −1, +1 and +3. Mice were immunized with 50 µg papain in 20 µl phosphate-buffered saline (PBS) with or without (No OVA at 1°) 5 µg OVA in the footpad. On day 14, OVA (50 µg in 100 µl PBS) was injected retro-orbitally without adjuvant. Sera were harvested on days −1, +14 and +21. OVA-specific antibody titers were detected by ELISA. Bars indicate mean ± S.E.M. calculated from three (WT and Mgl2-DTR) or two (No OVA at 1°) individual mice. Representative data from three independent experiments are shown. (**c**,**d**) Mgl2-DTR mice were treated with DT and immunized with 5 µg OVA and 50 µg papain in the footpad as in **a** (DT Day −1/+2). Alternatively, WT or Mgl2-DTR mice were immunized with OVA and papain on day 0, then treated with DT on days five and eight (DT Day +5/+8). All mice received a boost immunization with OVA in PBS on day 14. Sera were collected in two independent experiments from total of 5--6 mice per group. (**e**,**f**) Mgl2-DTR mice were treated i.p. with DT or PBS and painted with whole cell lysates of house dust mite (HDM) for three times as shown in **e**. HDM-specific antibody titers were tested by ELISA against the whole cell HDM lysates (**f**). Data were collected from five animals in each group and are representative of two independent experiments. Bars indicate mean ± S.E.M. n.s., not significant, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001 by two-tailed Student's t-test. All statistics indicate comparison to the WT or undepleted control shown in each panel.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.003](10.7554/eLife.17979.003)

To test the role of CD301b^+^ DCs in antibody production against another allergen, we sensitized CD301b^+^ DC-depleted mice epicutaneously by painting whole extracts from house dust mite *Dermatophagoides pteronyssinus* ([Figure 1e](#fig1){ref-type="fig"}). Although this needle-free immunization protocol induced minimal amount of antibodies in WT mice even after multiple exposure to the antigen, CD301b^+^ DC-depleted mice generated robust antibody production ([Figure 1f](#fig1){ref-type="fig"}). These results indicate that the enhanced antibody responses in CD301b^+^ DC-depleted mice are found in response to subcutaneous papain immunization and to epicutaneous allergen exposure.

Depletion of CD301b^+^DCs enhances antigen-specific antibody production in response to intraperitoneal immunization {#s2-2}
-------------------------------------------------------------------------------------------------------------------

To examine if antibody responses primed in organs other than the skin were also affected by the depletion of CD301b^+^ DCs, we next immunized Mgl2-DTR mice intraperitoneally (i.p) with OVA and alum, another type 2 adjuvant that requires CD301b^+^ DCs for Th2 differentiation ([@bib28]). We observed a trend for enhanced antibody production in CD301b^+^ DC-depleted animals, which was likely a result of the depletion of CD301b^+^ DC in the peritoneal cavity and its draining mediastinal LN ([@bib26]) ([Figure 2](#fig2){ref-type="fig"}). As in the skin-dLNs, CD301b^+^ DCs in the peripheral organs expressed CD11b and MHCII but not Ly6C, but were nearly absent from the spleen ([Figure 2c--f](#fig2){ref-type="fig"}). To further characterize the CD301b^+^ DCs in the skin-dLNs and the peritoneum, we examined the expression of other molecules in CD301b^+^ cells in these organs ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). In the skin-dLNs, the majority of CD301b^+^ cells were consistent with migratory DCs, as they were MHCII^hi^CD11c^+^, CD64^lo^Ly6C^lo^, CD11b^+^CD11c^+^, CD24^lo^CD11b^+^, and expressed a conventional DC marker Zbtb46 ([@bib35]; [@bib47]). CD301b^+^ cells in the peritoneal cavity had a similar phenotype, though their Zbtb46 expression levels were lower. The DT treatment of Mgl2-DTR mice resulted in specific deletion of the CD301b^+^ DC subset, and did not grossly affect other cell types, except for an increase in the proportion of Ly6C^+^ cells in the peritoneal cavity ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). These results indicate that CD301b^+^ DCs constitute an important migratory DC population in skin and peritoneal cavity that negatively regulate antibody responses.10.7554/eLife.17979.004Figure 2.Depletion of CD301b^+^ DCs enhances antibody responses in the non-skin dLNs.(**a**,**b**) Mice were immunized with 10 µg OVA in 100 µl alum i.p. and received i.p. injection of 10 µg OVA without adjuvant on day 14. Sera were harvested on day 21 for OVA-specific antibody ELISA. Bars indicate mean ± S.E.M. calculated from three animals. (**c**--**f**) Indicated organs and peritoneal exudate cells were harvested from naïve WT mice and analyzed for surface CD301b expression along with indicated markers. \'Isotype\' indicates binding of non-specific rat IgG2a conjugated with the same fluorochrome as the anti-CD301b mAb used.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.004](10.7554/eLife.17979.004)10.7554/eLife.17979.005Figure 2---figure supplement 1.Phenotype of CD301b^+^ DCs in LNs and peritoneal cavity.DT-treated WT or Mgl2-DTR mice were immunized with OVA and papain in the right footpad. Right (dLN) or left (ndLN) popliteal LNs and peritoneal washes were harvested one day after immunization and stained for indicated markers. Non-T/B cells were gated as CD3ε^-^ TCRβ^-^ CD19^-^ B220^-^ cells. In some panels, CD301b^+^MHCII^+^ cells are shown as red dots and overlaid onto the total non-T/B cells. The red numbers indicate percentages of the cells in the gate among CD301b^+^MHCII^+^ cells, whereas the black numbers indicate percentages among non-T/B cells.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.005](10.7554/eLife.17979.005)

CD301b^+^ DC depletion mitigates the requirement for adjuvant for antibody responses {#s2-3}
------------------------------------------------------------------------------------

Next, we examined the parameters controlled by CD301b^+^ DCs. One possibility is that CD301b^+^ DCs regulate antibody responses by limiting the amount of antigens available for initiating a humoral response. If this were the case, increasing the antigen dose should overcome the suppression by these DCs. To address this possibility, we immunized DT-treated Mgl2-DTR mice with different doses of OVA with a fixed amount of papain ([Figure 3](#fig3){ref-type="fig"}). To account for any potential effects of the DT treatment, we treated Mgl2-DTR mice with a nontoxic DT mutant, CRM197 ([@bib33]), and used this group as the undepleted control. Increasing doses of the antigen did not overcome suppression of antibody responses by CD301b^+^ DCs ([Figure 3b](#fig3){ref-type="fig"}), indicating that limiting antigen access is not the dominant mode of antibody suppression by these DCs.10.7554/eLife.17979.006Figure 3.Depletion of CD301b^+^ DCs leads to enhanced antibody responses to the antigen immunized with weak or no adjuvant.(**a**) Immunization and sample collection timeline. (**b**) Mgl2-DTR mice were treated with 0.5 µg DT or its inactive mutant CRM197 (CRM) on days -1 and +2 and immunized on day 0 with 50 µg papain plus indicated amount of OVA in the footpad. All mice received i.p. injection of 10 µg OVA without adjuvant on day 14 and sera were harvested on day 21 for OVA-specific antibody ELISA. (**c**) WT and Mgl2-DTR mice were treated with 0.5 µg DT on days −1 and +2 and immunized in the footpad with 5 µg OVA without any adjuvant on day 0 (top). Alternatively, lethally-irradiated WT mice were reconstituted with Mgl2-DTR (DTR only), WT (WT only) or 1:1-mixture of WT and Mgl2-DTR (WT+DTR) BM cells, then immunized with 5 µg OVA without adjuvant (bottom). All mice received i.p. injection of 10 µg OVA without adjuvant on day 14 and day 21, and sera were harvested on day 21 and day 28 for OVA-specific IgG1 ELISA. Bars indicate mean ± S.E.M. calculated from 4--11 individual mice. n.s., not significant, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, \*\*\*\*p\<0.0001 by two-tailed Student's t-test. All statistics indicate comparison to the undepleted (CRM-treated, WT or WT only BM chimera) control shown in each panel.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.006](10.7554/eLife.17979.006)

Next, we examined the requirement for adjuvants. Notably, CD301b^+^ DC-depleted mice developed strong antibody responses against OVA even when they were immunized without any adjuvants ([Figure 3c](#fig3){ref-type="fig"}). A possible explanation of these results is that the CD301b^+^ DCs killed by DT release endogenous materials capable of serving as an adjuvant to stimulate antibody responses to OVA. To test this possibility, we next immunized lethally-irradiated WT mice reconstituted with a 1:1 mixture of WT and Mgl2-DTR bone marrow (BM) cells. In order to avoid any DT-induced adjuvanticity masked by the presence of exogenous adjuvant, we took advantage of the adjuvant-free immunization approach. Although antibody levels in BM chimeric mice were generally lower than in non-irradiated mice, prime (day 0) and 2 boosts (days 14 and 21) with adjuvant-free OVA resulted in significantly increased OVA-specific antibody titers in mice reconstituted only with Mgl2-DTR BM cells ([Figure 3c](#fig3){ref-type="fig"}). In contrast, mice reconstituted with a mixture of WT and Mgl2-DTR yielded minimal antibody production ([Figure 3c](#fig3){ref-type="fig"}), indicating that the remaining WT CD301b^+^ DCs were sufficient to suppress humoral immunity in such BM chimeric mice even if the dying CD301b^+^ DCs released endogenous adjuvants. Collectively, these results indicate that materials released from dying CD301b^+^ DC cannot account for the enhanced antibody responses, and that lifting suppression by CD301b^+^ DCs enables induction of antibody to soluble protein antigens in the absence of adjuvants.

Type 1 adjuvants overcome suppressive effects of CD301b^+^ DCs for humoral immunity {#s2-4}
-----------------------------------------------------------------------------------

Thus far, our results indicate that humoral immunity induced by type 2 adjuvant or in the absence of adjuvant is suppressed by CD301b^+^ DCs. To address if CD301b^+^ DCs exert same suppressive effects in the presence of Th1-inducing adjuvants, we next examined antibody responses in CD301b^+^ DC-depleted mice after immunization with two kinds of type 1 adjuvant, CpG and LPS. CD301b^+^ DC-depleted animals produced higher levels of OVA-specific IgG2b, suggesting that CD301b^+^ DCs also play a regulatory role in antibody production against type 1 antigens ([Figure 4a,b](#fig4){ref-type="fig"}). However, increasing the dose of CpG from 10 μg to 100 μg abrogated the difference in antibody levels between WT and CD301b^+^ DC-depleted mice ([Figure 4c](#fig4){ref-type="fig"}). These results indicate that the suppressive function of CD301b^+^ DCs can be overcome by the use of high dose type 1 adjuvants.10.7554/eLife.17979.007Figure 4.Depletion of CD301b^+^ DCs enhances antibody responses to type 1 immunization when adjuvant is limited.WT and Mgl2-DTR mice were treated with 0.5 µg DT on days −1 and +2 and immunized in the footpad with 5 µg OVA plus indicated amount of CpG2216 or LPS as in **a**. All mice received i.p. injection of 10 µg OVA without adjuvant on day 14 and sera were harvested on day 21 for OVA-specific IgG2b ELISA. Sera were collected in two to four independent experiments. Bars indicate mean ± S.E.M. calculated from 6--7 (**b**) or 4--11 (**c**) individual mice. n.s., not significant, \*p\<0.05, \*\*p\<0.01 by two-tailed Student's t-test. All statistics indicate comparison to the WT control shown in each panel.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.007](10.7554/eLife.17979.007)

Depletion of CD301b^+^ DCs broadens antibody specificity and enhances affinity {#s2-5}
------------------------------------------------------------------------------

To address the potential impact of the depletion of CD301b^+^ DCs on the specificity and affinity of the antibodies, we next immunized the mice with papain plus OVA conjugated with 4-hydroxyl-3-nitrophenyl acetyl in 1:16 ratio (NP~16~OVA), followed by a secondary immunization with NP~16~OVA without adjuvant through a systemic route ([Figure 5a](#fig5){ref-type="fig"}). WT mice immunized with this protocol developed a significant amount of NP~16~OVA-specific antibodies, albeit to a lesser extent than the CD301b^+^ DC-depleted mice. However, consistent with previous studies showing preferential development of hapten-specific rather than carrier-specific antibodies upon immunization with haptenated proteins ([@bib37]; [@bib48]), the majority of the NP~16~OVA-specific antibodies produced in WT mice were directed to the hapten, as anti-OVA antibody responses were undetectable ([Figure 5b](#fig5){ref-type="fig"}). In contrast, CD301b^+^ DC-depleted mice developed significantly higher amount of antibodies against all epitopes examined. Notably, unlike WT animals, CD301b^+^ DC-depleted mice also produced antibodies specific to the OVA carrier, indicating that the specificity of the antibodies were broadened in these mice ([Figure 5b](#fig5){ref-type="fig"}). In addition, the ratio between the binding of the antibodies to bovine serum albumin (BSA) conjugated with high (NP~34~BSA) and low (NP~4~BSA) numbers of NP suggested that antibodies in immunized CD301b^+^ DC-depleted mice underwent similar (IgG1) or even slightly higher (IgG2b) levels of affinity maturation compared to the WT mice ([Figure 5c](#fig5){ref-type="fig"}). These results indicate that CD301b^+^ DCs suppress the magnitude, breadth and affinity of antibodies.10.7554/eLife.17979.008Figure 5.Depletion of CD301b^+^ DCs enhances the development of antigen-specific B cells with GC B cell phenotype without negatively affecting the affinity of antibodies.As in **a**, mice were treated with DT and immunized with 5 µg NP~16~OVA plus 50 µg papain in the footpad. Two weeks later, all mice received i.p. injection of NP~16~OVA in PBS. (**b**) Serum antibodies against indicated antigens were measured by ELISA. n = 7--8 per group collected in two independent experiments. A~max~ and EC~50~ are shown in units of OD450 and serum dilution, respectively. (**c**) The ratio between EC~50~ for the binding to NP~4~ epitope and that for NP~34~ epitope was calculated in each mouse. n.s., not significant, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001 by Mann-Whitney test. Bars indicate means ± S.E.M. (**b**) or medians (**c**).**DOI:** [http://dx.doi.org/10.7554/eLife.17979.008](10.7554/eLife.17979.008)

Depletion of CD301b^+^ DCs enhances autoreactive antibodies {#s2-6}
-----------------------------------------------------------

Based on the results above, we questioned why such antibody-suppressive DCs exist in mice. One possibility is that the CD301b^+^ DCs are needed to suppress the generation of autoreactive antibodies. Indeed, transient depletion of CD301b^+^ DCs for 9 days resulted in the development of anti-nuclear IgG antibodies 60 days later ([Figure 6](#fig6){ref-type="fig"}). These results indicate that CD301b^+^ DCs play a key role in suppressing the emergence of autoantibodies.10.7554/eLife.17979.009Figure 6.Depletion of CD301b^+^ DCs enhances autoreactive antibodies.WT or Mgl2-DTR mice were treated i.p. with PBS or 0.5 µg DT every third day for 9 days as in **a**. Sera were harvested at day 60 and examined for anti-nuclear IgG antibodies by ELISA (**b**). Bars indicate mean ± S.E.M. \*p\<0.05, \*\*p\<0.01 by Mann-Whitney test.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.009](10.7554/eLife.17979.009)

CD301b^+^ DCs regulate expansion of antigen-specific germinal center B cells {#s2-7}
----------------------------------------------------------------------------

To understand the cellular basis for the enhanced antibody production generated in the absence of CD301b^+^ DCs, we next analyzed the cellular composition in the popliteal dLN (right) and non-draining (nd) (left) popliteal LN during the priming phase after a single immunization with OVA and papain in the right footpad ([Figure 7a](#fig7){ref-type="fig"}). Consistent with our previous report, the size of the dLNs at three days post-immunization in CD301b^+^ DC-depleted animals was much smaller than in undepleted controls, likely due to impaired screening and retention of naïve CD4^+^ T cells ([@bib28]) ([Figure 7---figure supplement 1a,b](#fig7s1){ref-type="fig"}). However, the number of B cells in the dLNs started to increase on day five in the CD301b^+^ DC-depleted animals compared to the WT mice, which continued to increase until day seven ([Figure 7---figure supplement 1c](#fig7s1){ref-type="fig"}). Consistent with the higher class-switched high-affinity antibody titers ([Figures 1](#fig1){ref-type="fig"}--[3](#fig3){ref-type="fig"}, [5](#fig5){ref-type="fig"}), the increase in the number of GC B cells (CD95^+^ GL7^+^) was even more exaggerated than the increase in the number of total B cells in CD301b^+^ DC-deleted mice ([Figure 7b](#fig7){ref-type="fig"} and [Figure 7---figure supplement 1e](#fig7s1){ref-type="fig"}).10.7554/eLife.17979.010Figure 7.Depletion of CD301b^+^ DCs leads to GC B cell expansion in response to immunization with OVA and papain.(**a**,**b**) WT and Mgl2-DTR (DTR) mice were treated with DT on days −1 and +2 and immunized with 50 µg papain and 5 µg OVA in 20 µl PBS in the right footpad. The left non-draining (L) or right draining (R) popliteal LNs were harvested on indicated days post immunization (d.p.i) and analyzed for the development of GC B cells (GL7^+^ CD95^+^). Mice that were treated with DT but left unimmunzed were analyzed at 7 d.p.i. (eight days from the first DT treatment) and are indicated as 'Naïve'. Flow-cytometry panels in **b** are representative of data from day seven. (**c**) WT and Mgl2-DTR mice were treated with DT on days −1 and +2 and immunized on day 0 with 5 µg OVA with 50 µg papain as in [Figure 2](#fig2){ref-type="fig"}. On day 14, dLNs were harvested and cells were stained for the cell-surface markers as well as for their binding to Alexa488-conjugated OVA protein (A488-OVA). (**d**--**g**) Intracellular binding to A488-OVA (**d**,**f**) and CD138 expression (**e**,**g**) by activated IgD^-^ B cells. (**h**--**j**) CD38 and GL7 expression in total B cells. (**k**,**l**) Cell-surface IgD expression and intracellular A488-OVA binding in naïve/memory (CD38^+^GL7^-^) B cells (**k**) and GC (CD38^-^GL7^+^) B cells (**l**) gated as in **e**. In all graphs, each dot indicates an individual mouse and the data were pooled from two independent experiments. n.s., not significant, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, \*\*\*\*p\<0.0001 by two-tailed Student's t-test. Bars indicate means ± S.E.M.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.010](10.7554/eLife.17979.010)10.7554/eLife.17979.011Figure 7---figure supplement 1.Cellular kinetics in CD301b^+^ DC-depleted mice immunized with papain and OVA.Cell numbers of each indicated subset were calculated in mice shown in [Figure 7b](#fig7){ref-type="fig"} and [Figure 8a and b](#fig8){ref-type="fig"}.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.011](10.7554/eLife.17979.011)

We next examined the phenotype of B cell subsets in the dLNs 14 days after a single immunization with OVA and papain in the footpad ([Figure 7c](#fig7){ref-type="fig"}). In CD301b^+^ DC-depleted animals, an increased fraction of B cells that downregulated surface IgD receptor and bound to soluble fluorescently-labeled OVA protein was found, indicative of OVA-specific activated B cells ([Figure 7d,f](#fig7){ref-type="fig"}). Some IgD^-^ cells expressed a plasma cell marker CD138 ([Figure 7e,g](#fig7){ref-type="fig"}). We also observed an expansion of the CD38^-^GL7^+^ germinal center (GC) B cell fraction, while the CD38^+^GL7^-^ naïve/memory fraction ([@bib49]) was significantly reduced ([Figure 7h--j](#fig7){ref-type="fig"}). Notably, OVA-specific B cells were preferentially enriched in the CD38^-^GL7^+^ GC B cell compartment in CD301b^+^ DC-depleted mice ([Figure 7h,k,l](#fig7){ref-type="fig"}). These results indicate that the depletion of CD301b^+^ DCs induced antigen-specific B cells with a GC B cell phenotype in the dLNs.

CD301b^+^ DCs control expansion of antigen-specific Tfh cells {#s2-8}
-------------------------------------------------------------

The development of GC B cells requires help from Tfh cells through cognate interaction ([@bib8]; [@bib31]). Indeed, CD4^+^ T cells of the Tfh phenotype (CXCR5^+^ PD-1^+^) were also increased in number ([Figure 7---figure supplement 1d](#fig7s1){ref-type="fig"}) and frequency ([Figure 8a](#fig8){ref-type="fig"}) within the dLN of immunized CD301b^+^ DC-depleted mice. Similarly, among CD44^hi^ effector CD4^+^ T cells, the ratio between PSGL1^lo^ PD-1^+^ (follicular) cells to PSGL1^hi^ PD-1^-^ (extrafollicular) cells ([@bib39]) was significantly increased in CD301b^+^ DC-depleted animals compared to WT mice, further confirming the expansion of Tfh cells over other effector CD4^+^ T cells ([Figure 8b](#fig8){ref-type="fig"}). The accumulation was selective to the canonical Tfh cells that express ICOS and Bcl6 and did not affect the follicular regulatory T (Tfr) cells ([Figure 8c,d](#fig8){ref-type="fig"}), suggesting that the increased GC B cell development was associated with the Tfh expansion rather than decrease in Tfr population. Interestingly, the increase in the Tfh fraction out of the total CD4^+^ T cells (significantly increased already by day five, [Figure 8a](#fig8){ref-type="fig"}) preceded that of GC B cell increase (not significantly changed by day seven, [Figure 7b](#fig7){ref-type="fig"}), suggesting that the depletion of CD301b^+^ DCs induced the Tfh accumulation, which resulted in GC B cell expansion.10.7554/eLife.17979.012Figure 8.GC B cell expansion in CD301b^+^ DC-depleted mice is accompanied with Tfh expansion.(**a**,**b**) Mice were immunized as in [Figure 7a](#fig7){ref-type="fig"}. Tfh (PD-1^+^CXCR5^+^) differentiation (**a**) and the ratio between follicular (PSGL1^lo^PD-1^+^) and extrafollicular (PSGL1^hi^PD-1^-^) cells within CD44^hi^ CD4^+^ T cells (**b**) were examined in the draining (R) or non-draining (L) popliteal LNs. Mice that were treated with DT but left unimmunzed were analyzed at 7 d.p.i (8 days from the first DT treatment) and are indicated as 'Naïve'. Flow-cytometry panels are representative of data from day seven p.i. (**c**,**d**) Mice were immunized as in **a**. Expression of Bcl6 in ICOS^+^CXCR5^+^CD4^+^ T cells (**c**) and percentages of PD-1^+^CXCR5^+^ cells among Tregs (CD25^+^Foxp3^+^CD4^+^T cells) and non-Tregs (CD25^+^Foxp3^+^CD4^+^T cells) (**d**) in the dLN at 7 d.p.i are shown. Gray histograms in **e** indicate binding of non-specific isotype control mAb binding to ICOS^+^CXCR5^+^CD4^+^ T cells pooled from WT and Mgl2-DTR mice. (**e**,**f**) Mgl2-DTR mice transferred with CD45.1^+^ OT-II transgenic CD4^+^ T cells were treated with DT or PBS, then immunized as in **a**. On day seven, the draining popliteal LNs were harvested and stained for Tfh markers and cytokines. The donor OT-II cells were identified as CD45.1^+^ CD4^+^ cells. Data were pooled from 2--3 individual experiments per group. Each dot indicates an individual mouse. n.s., not significant, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, \*\*\*\*p\<0.0001 by two-tailed Student's t-test. Bars indicate means ± S.E.M. MFI, mean fluorescent intensity.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.012](10.7554/eLife.17979.012)

Tfh cells that differentiate in the absence of CD301b^+^ DCs have intact IL-4 and IL-21 secretion {#s2-9}
-------------------------------------------------------------------------------------------------

Next, to test whether the depletion of CD301b^+^ DCs induces expansion of antigen-specific Tfh cells, we adoptively transferred OVA-specific OT-II TCR transgenic CD4^+^ T cells into WT or Mgl2-DTR hosts, which were then treated with DT and immunized with OVA and papain. A larger fraction of OT-II CD4^+^ T cells differentiated into Tfh cells in CD301b^+^ DC-depleted hosts than in undepleted hosts ([Figure 8e](#fig8){ref-type="fig"}). We previously reported OT-II cells primed in the absence of CD301b^+^ DCs failed to differentiate into Th2 cells ([@bib28]). Indeed, we observed reduced IL-4 production from CXCR5^-^ OT-II effector T cells in CD301b^+^ DC-depleted mice ([Figure 8f](#fig8){ref-type="fig"}). How is it possible to have elevated type 2 antibody production in the absence of IL-4-secreting Th2 cells? Although IL-4 is the signature cytokine for Th2 cells, IL-4 is also abundantly produced by Tfh cells and supports production of type 2 antibodies ([@bib24]; [@bib44]). In fact, the expression levels (MFI) of IL-4 and IL-21 in CXCR5^+^ OT-II Tfh cells remained intact in CD301b^+^DC-depleted mice, while the percentages of IL-4- or IL-21-secreting OVA-specific Tfh (CXCR5^+^ OTII) increased ([Figure 8f](#fig8){ref-type="fig"}). These results indicate that CD301b^+^ DC-depletion results in loss of Th2 cells but increase in Tfh cells capable of secreting IL-4 and IL-21. Further, our data suggest that the expansion of antigen-specific Tfh cells capable of secreting IL-4 and IL-21 underlies the enhanced type 2 antigen-specific antibody and GC B cell responses in the absence of CD301b^+^ DCs.

CD301b^+^ DCs but not other migratory DCs suppress antibody responses {#s2-10}
---------------------------------------------------------------------

The results thus far indicated that CD301b^+^ DCs suppress Tfh and GC B cell expansion. Although CD301b-driven DTR-GFP expression is detectable only in a subset of Langerin^-^ CD11b^+^ DCs, epidermal LCs are also depleted by DT treatment in Mgl2-DTR mice ([@bib22]; [@bib28]). To test whether the enhanced antibody responses in DT-treated Mgl2-DTR mice were due to the depletion of CD301b^+^ DCs or LCs, we used huLangerin-DTR mice, in which DT treatment specifically depletes epidermal LCs without affecting Langerin^+^ CD103^+^ DCs ([Figure 9a,b](#fig9){ref-type="fig"} and [Figure 9---figure supplement 1a--c](#fig9s1){ref-type="fig"}) ([@bib3]). Depletion of LCs did not result in enhanced OVA-specific antibody production ([Figure 9c](#fig9){ref-type="fig"}). Similarly, depletion of all Langerin^+^ DCs (LCs and Langerin^+^ CD103^+^ DCs) in msLangerin-DTR mice ([@bib25]; [@bib40]) had no impact on antibody responses ([Figure 9d](#fig9){ref-type="fig"}). Nevertheless, DCs in general were required for B cell priming, as class-switched antibodies were completely abolished in CD11c-DTR;Mgl2-DTR mice ([Figure 9e](#fig9){ref-type="fig"}), in which LN-resident DCs were further depleted ([Figure 9---figure supplement 1a--c](#fig9s1){ref-type="fig"}). These results indicated that the antibody suppressive property is specific to the CD301b^+^ DCs and is not shared by other migratory DCs.10.7554/eLife.17979.013Figure 9.Migratory and inflammatory DC subsets are not required for the enhanced antibody, Tfh and GC B cell development induced by the CD301b^+^ DC depletion.(**a**--**d**) Mice were treated with 0.5 µg DT and immunized with 50 µg papain and 5 µg OVA in the footpad. At the time of immunization, different DC subsets were either intact (+) or depleted (∆) depending on the host genotype as indicated in **b**. All mice received an i.p. injection of 10 µg OVA in PBS without adjuvant on day 14. Serum OVA-specific IgG1 on day 21 was detected by ELISA. Bars indicate mean ± S.E.M. calculated from 3--6 individual mice in each group. Representative data from 2--3 independent experiments are shown. (**e**) Mgl2-DTR and CD11c-DTR;Mgl2-DTR mice were immunized and boosted as in **a**, except that the mice were treated with a single dose of 125 ng DT on day −1. Sera were harvested on day 21 from three independent experiments and OVA-specific IgG1 was detected by ELISA. Bars indicate mean ± S.E.M. calculated from five (Mgl2-DTR) and three (Mgl2-DTR;CD11c-DTR) individual mice. n.s., not significant, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, \*\*\*\*p\<0.0001 by two-tailed Student's t-test. All statistics indicate comparison to the undepleted (WT or no DT) control shown in each panel except in **b** and are shown by color-matched asterisks where applicable. (**f**) WT mice and mice that carry Mgl2-DTR, huLang-DTR and/or msLang-DTR in their genetic construct were treated with DT and immunized as in **a**, then LNs were harvested on day seven. Tfh and GC B cell percentages in dLNs. Data were pooled from 2--3 independent experiments per group. (**g**) Mgl2-DTR mice were treated with DT and immunized as in **a**. Mice received i.p. injections of 50 µg anti-Gr-1 (α-Gr1) or Rat IgG2a isotype control antibodies every other day starting on day two. Left non-draining (L) or right draining (R) popliteal LNs were harvested on day seven and analyzed for GC B and Tfh cells. Data were pooled from two individual experiments per group. Each dot indicates an individual mouse. n.s., not significant, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, \*\*\*\*p\<0.0001 by two-tailed Student's t-test. Bars indicate means ± S.E.M.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.013](10.7554/eLife.17979.013)10.7554/eLife.17979.014Figure 9---figure supplement 1.Depletion of various skin-dLN DC subsets in different DTR mice.Mice that carry Mgl2-DTR, huLangerin-DTR (huLang-DTR), msLangerin-DTR (msLang-DTR) and/or CD11c-DTR in their genetic construct were treated i.p. with 0.5 µg DT or PBS and DC subsets in the skin-dLNs were analyzed on the next day. (**a**, **b**) DC subsets defined by MHCII and CD11c expression in the residual CD3^-^B220^-^ cells in the skin-dLN. (**c**) Different skin-derived migratory DC subsets within MHCII^hi^CD11c^+^DCs. All statistics indicate comparison to the PBS-treated controls pooled from various DTR strains. n.s., not significant, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, \*\*\*\*p\<0.0001 by two-tailed Student's t-test. Representative data from two or more independent depletion experiments are shown.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.014](10.7554/eLife.17979.014)

LN-resident, but not migratory, DCs promote Tfh, GC B and antibody responses {#s2-11}
----------------------------------------------------------------------------

We next sought to determine which DC subsets are responsible for promoting Tfh and GC B cell development. To first address the role of two other major migratory DCs, we used huLangerin-DTR;Mgl2-DTR and msLangerin-DTR;Mgl2-DTR mice, in which CD301b^+^ DCs and LCs, and Langerin^+^ CD103^+^ DCs in case of the latter, are depleted altogether ([Figure 9b](#fig9){ref-type="fig"} and [Figure 9---figure supplement 1a--c](#fig9s1){ref-type="fig"}). Surprisingly, despite near complete depletion of all migratory DC subsets ([Figure 9---figure supplement 1a,b](#fig9s1){ref-type="fig"}), co-depletion of CD301b^+^ DCs, LCs and Langerin^+^ CD103^+^ DCs did not revert the enhanced antibody titers, Tfh, and GC B responses in CD301b^+^ DC-depleted animals ([Figure 9c,d,f](#fig9){ref-type="fig"}). Similarly, depleting Ly6C^+^ inflammatory monocyte-derived DCs concurrently with the CD301b^+^ DC depletion ([Figure 9---figure supplement 1d](#fig9s1){ref-type="fig"}) did not revert the expanded Tfh and GC cells ([Figure 9g](#fig9){ref-type="fig"}), suggesting that the potential increase in Ly6C^+^ cells in the periphery ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}) does not directly explain the phenotype. These data are consistent with a model in which CD301b^+^ DCs provide negative signals to Tfh precursors, while non-migrant DC population in the LN promotes Tfh differentiation, GC B and antibody responses.

CD301b^+^ DCs express PD-1 ligands {#s2-12}
----------------------------------

PD-1 is an inhibitory receptor that is upregulated in a fraction of activated T cells ([@bib20]). PD-1 is also a marker of Tfh cells ([@bib1]; [@bib7]; [@bib8]; [@bib13]; [@bib18]). CD301b^+^ DCs express high levels of a PD-1 ligand PD-L2 (B7-DC) ([@bib12]; [@bib28]; [@bib36]). Indeed, within the non-lymphocyte population in the skin-dLNs, CD301b^+^ DCs express highest levels of both PD-1 ligands PD-L1 (B7-H1) and PD-L2 ([Figure 10a](#fig10){ref-type="fig"}). More than 90% of all PD-L1^+^ PD-L2^+^ non-lymphocytes were MHCII^hi^ migratory DCs, of which more than 40% consisted of CD301b^+^ DCs. In addition, a significant number of PD-L1^+^ PD-L2^+^ DCs that do not express CD301b were also present, which was minimally affected by the depletion of CD301b^+^ DCs ([Figure 10---figure supplement 1a](#fig10s1){ref-type="fig"}).10.7554/eLife.17979.015Figure 10.Blockade of PD-L1 at the time of immunization enhances Tfh and GC B cell responses in CD301b^+^ DC-dependent manner.(**a**) Pooled skin-dLN cells from naïve WT mice were stained and gated as indicated. Representative flow cytometry plots from three independent experiments are shown. (**b**--**f**) WT and Mgl2-DTR mice were injected i.p. with 250 µg anti-PD-L1 mAb (αPD-L1) or αPD-L2 mAb along with 0.5 µg DT on days −1 and +2, then immunized with 50 µg papain and 5 µg OVA in the footpad on day 0. (**c**,**d**) Right draining popliteal LNs were collected on day seven and analyzed for GC B cells (**c**) and Tfh cells (**d**). Data were pooled from two to three independent experiments. Each dot indicates an individual mouse. (**e**,**f**) Alternatively, mice received additional i.p. injection of OVA without adjuvant on day 14, and OVA-specific serum antibody titers were examined on day 21 by ELISA. n.s., not significant, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, \*\*\*\*p\<0.0001 by two-tailed Student's t-test. Bars indicate means ± S.E.M.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.015](10.7554/eLife.17979.015)10.7554/eLife.17979.016Figure 10---figure supplement 1.Depletion of CD301b^+^ DCs does not reduce PD-1 ligand expression on the residual migratory DCs.(**a**) WT or Mgl2-DTR mice were treated with DT, then skin-dLNs were harvested 24 hr later for flow cytometry. (**b**) Mice were treated with DT and anti-PD-L1 or PD-L2 blocking mAb, and immunized with OVA and papain as in [Figure 10b](#fig10){ref-type="fig"}. LNs were collected for analysis on day three. Data were pooled from two independent experiments. Each dot indicates an individual mouse. n.s., not significant, \*p\<0.05 by two-tailed Student's t-test. Bars indicate means ± S.E.M.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.016](10.7554/eLife.17979.016)10.7554/eLife.17979.017Figure 10---figure supplement 2.Differential effects of PD-1 ligand blockade on CD4T and B cell compartments in CD301b^+^ DC-intact and depleted animals. (**a**--**c**) Tfh and GC B cell development was assessed in the dLN (**a**,**b**) or in the contralateral ndLN (**c**) in mice shown in [Figure 10b--d](#fig10){ref-type="fig"}. (**d**) WT mice were treated with indicated antibodies and immunized as in [Figure 10e](#fig10){ref-type="fig"}, and OVA-specific serum antibodies were measured by ELISA.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.017](10.7554/eLife.17979.017)

PD-L1 blockade enhances expansion of Tfh and GC B cells only in the presence of CD301b^+^ DCs {#s2-13}
---------------------------------------------------------------------------------------------

To test if PD-1 ligands contribute to the suppression of Tfh and GC B cell expansion by CD301b^+^ DCs, we treated WT or CD301b^+^ DC-depleted mice with anti-PD-L1 or anti-PD-L2 blocking monoclonal antibodies (mAbs) during the priming phase ([Figure 10b](#fig10){ref-type="fig"}). We first confirmed that the blockade did not directly deplete CD301b^+^ DCs ([Figure 10---figure supplement 1b](#fig10s1){ref-type="fig"}). In the dLN in WT mice, the PD-L1 but not PD-L2 blockade significantly enhanced the GC B cell and Tfh cell development ([Figure 10c,d](#fig10){ref-type="fig"} and [Figure 10---figure supplement 2a,b](#fig10s2){ref-type="fig"}). In Mgl2-DTR mice, however, anti-PD-L1 blocking mAb did not exert further enhancement of the GC B cell and Tfh cell development ([Figure 10c,d](#fig10){ref-type="fig"} and [Figure 10---figure supplement 2a,b](#fig10s2){ref-type="fig"}). Since PD-L1 expression was still intact in the residual DC subsets ([Figure 10---figure supplement 1a](#fig10s1){ref-type="fig"}), these data indicate that PD-L1 in the residual cells does not have suppressive function on GCB or Tfh differentiation during priming. In the contralateral ndLNs, neither PD-L1 nor PD-L2 significantly enhanced the GC B cell development in either WT or Mgl2-DTR mice ([Figure 10---figure supplement 2c](#fig10s2){ref-type="fig"}).

The blockade of PD-1, PD-L1, or PD-L2 in WT mice during the priming with OVA and papain resulted in significant increases in OVA-specific antibody production ([Figure 10---figure supplement 2d](#fig10s2){ref-type="fig"}). Consistent with the GC B cell expansion, antibody responses were enhanced by anti-PD-L1 antibody treatment only in the presence of CD301b^+^ DCs, whereas the PD-L2 blockade further increased OVA-specific IgG2b ([Figure 10e,f](#fig10){ref-type="fig"}). These data indicate that anti-PD-L1 blocking mAb enhances GC B cell responses in the dLNs by primarily targeting CD301b^+^ DCs in CD301b^+^ DC-intact animals, and suggest that CD301b^+^ DCs use PD-L1 to control Tfh and GC B cell induction. In contrast, the increases in IgG2b responses by the PD-L2 blockade in the absence of CD301b^+^ DCs suggest a role for PD-L2 expressed on CD301b^-^ cells in additionally suppressing humoral immunity. It should be noted, however, that the depletion of CD301b^+^ DCs might have maximized the GCB and antibody responses to the point that further treatment with anti-PD-L1 or PD-L2 mAbs was unable to reveal additional enhancement. Future studies are needed to selectively knockout PD-L1 or PD-L2 from CD301b^+^ DCs in order to clearly address the role of these ligands in suppression of Tfh, GCB and antibody responses.

Altogether, these results support the model that CD301b^+^ DCs provide inhibitory signals at the time of priming of an immune response to control the extent of antibody responses through regulation of Tfh and GC B cell differentiation ([Figure 11](#fig11){ref-type="fig"}).10.7554/eLife.17979.018Figure 11.Model for CD301b^+^ DC-mediated suppression of humoral immunity.(**a**) Summary of the results shown in this study. (**b**) Model for Tfh and GCB cell suppression by CD301b^+^ DCs. CD301b^+^ DCs express high levels of PD-L1 to inhibit the expansion of Tfh. The impaired Tfh expansion in turn leads to suboptimal GC B cell activation and reduced antibody responses. In the absence of CD301b^+^ DCs, CD301b^-^LN-resident DCs present soluble antigens to CD4^+^ T cells to induce Tfh differentiation. This CD301b^-^LN-resident DC subset is susceptible to depletion in CD11c-DTR mice.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.018](10.7554/eLife.17979.018)

Discussion {#s3}
==========

In this study, we report regulation of Tfh and antibody responses mediated by the CD301b^+^ DCs. Depletion of CD301b^+^ DC during the first few days of priming leads to an exaggerated Tfh and GC B cell expansion in the dLNs, and a robust increase in systemic isotype switched antigen-specific antibody responses. The enhanced antibody responses did not require any adjuvants, and were observed irrespective of the dose of antigen used. Depletion of CD301b^+^ DCs led to antibodies with high affinity and broader specificity to the immunogen. Depletion of other migrant DC subsets had no impact on antibody responses. Among non-lymphocytes in the LNs, CD301b^+^ DCs expressed the highest levels of PD-1 ligands, PD-L1 and PD-L2. Transient blockade of PD-L1 led to increases in Tfh and GC B cell differentiation in the dLN and enhanced antibody responses, only in the presence of CD301b^+^ DCs. Remarkably, transient depletion of CD301b^+^ DCs led to the generation of autoreactive antibodies. Therefore, our data reveal a novel function of CD301b^+^ DCs in negatively regulating antibody responses and preventing autoantibody formation.

Our results suggest that CD301b^+^ DCs play a central role in regulating humoral immunity by suppressing Tfh ad GC B cell development. With the exact same immunization protocol, previous studies have shown that CD301b^+^ DCs are required for differentiation of antigen-specific CD4^+^ T cells into Th2 cells but not for their differentiation into Th1 or Th17 ([@bib12]; [@bib22]; [@bib28]; [@bib36]). Taken together, these results indicate that, Tfh and Th2 responses can be uncoupled, with the CD301b^+^ DCs as the pivotal cell type carrying out suppressive vs. supportive roles, respectively.

Tfh responses are also regulated by the Tfr cells ([@bib46]). We describe a separate mechanism dedicated to suppressing Tfh responses mediated by the CD301b^+^ DCs. These non-redundant Tfh regulatory mechanisms likely control Tfh responses at distinct stages. CD301b^+^ DC-mediated suppression occurs within the first few days of primary immune response, while the Tfr entry into the reactive LN occurs after 7 days of immunization ([@bib46]). These two phases of Tfh regulation likely provide complementary mechanisms of Tfh control. For instance, Tfr cells are important in producing high affinity antibody responses that are devoid of self-reactivity ([@bib41]). Regulation of Tfh responses at early phases by CD301b^+^ DCs may be critical in preventing excess antibody responses to foreign and self-antigens, which can lead to host pathology through complement fixation, and deposition of antibody-immune complex ([@bib45]). In fact, we detected antinuclear autoantibodies following transient depletion of CD301b^+^ DCs. Future studies are needed to determine the consequence of CD301b^+^ DC depletion on the development of autoimmune disease.

CD301b^+^ DCs are the major subset of CD11b^+^ migratory DCs that most efficiently take up the antigen and bring to the dLNs within one day after immunization with papain. In addition, CD301b^+^ DCs are required for optimal screening and activation of naïve CD4^+^ T cells within the dLNs ([@bib28]). Our current study showed that, despite the reduction in the amount of antigen available within the dLNs and the impaired recruitment of naïve lymphocytes to the dLN in the first three days of immunization ([@bib28]), development of Tfh and GC B cells was amplified in the absence of CD301b^+^ DCs. Furthermore, depletion of CD301b^+^ DCs led to antibody production to a soluble antigen even in the absence of adjuvants. Specifically, depletion of CD301b^+^ DCs lifted the suppression on Tfh such that their numbers and percentages increased within the LNs, leading to preferential activation of isotype switched antibody-secreting cells. It is interesting, however, that antibody responses against *N. brasiliensis* in CD301b^+^ DC-depleted animals are comparable to WT animals ([@bib28]). Similarly, CD301b^+^ DCs did not suppress IgG2b antibody generated by strong type 1 immunity induced by high doses of CpG ([Figure 4c](#fig4){ref-type="fig"}). These results suggest that pathogens can overcome CD301b^+^ DC-dependent suppression of antibody responses, likely through continuous antigen presentation ([@bib2]; [@bib10]) and through engagement of strong inductive signals through pattern recognition receptors including TLRs ([@bib38]).

Our study pointed to the role of LN-resident DCs in supporting Tfh-inductive functions, as evidenced by the diminished antibody responses in CD11c-DTR;Mgl2DTR mice but not those depleted of migrant DCs. The DC subset specifically responsible for inducing Tfh remains to be identified. Alternatively, our results suggest the possibility that any DC subset is sufficient to induce Tfh cells in the absence of the negative regulation exerted by CD301b^+^ DCs ([@bib29]; [@bib52]).

Recent studies have indicated that the therapeutic effect of PD-L1 blockade in chronic infection by HIV and malaria is mediated in part by inducing more Tfh cells that help B cells to produce pathogen-specific neutralizing antibodies ([@bib5]; [@bib9]). Similarly, continuous blockade as well as genetic deletion of PD-L1 was shown to enhance Tfh and GC B cell expansion upon type 2 immunization ([@bib17]). In these studies, due to the timing of the PD-L1 blockade (past Tfh priming), activated B cells were the major source for the PD-L1 relevant to the memory Tfh population. In contrast, our results clearly demonstrated that the transient depletion of CD301b^+^ DCs during the priming phase had a significant positive impact on humoral immunity that persisted even after the secondary immunization. Our study shows that the PD-L1 blockade cannot further enhance Tfh and GC B responses when CD301b^+^ DCs are depleted. Consistently, a recent report demonstrated that neonatal blockade of PD-L1 that is preferentially expressed by CD11b^+^ DCs in the lung results in exaggerated antibody production later in life during adulthood, suggesting the contribution of a similar DC subset that suppresses humoral immunity through PD-L1 expression ([@bib15]). As many other cell types express PD-L1 in vivo, dissection of the relative and temporal contributions of PD-L1 in Tfh blockade by specific cell types will require generation of new tools.

Our results are consistent with an inhibitory role for PD-L1 and/or PD-L2 for antibody responses described in some studies ([@bib17]; [@bib19]), but not in others ([@bib16]; [@bib46]). For instance, GC B cell and IgG1 induction in response to NP-CGG immunization in PD-1 knockout mice are comparable or even slightly better than WT mice ([@bib16]), consistent with our data. In contrast, the PD-1 deficient mice contain higher percentages of Tfr but not Tfh ([@bib46]), and Tfh cells isolated from PD-1 deficient mice had impaired cytokine responses ([@bib16]). Differences observed in our study versus others using genetically deficient mice might be explained by the fact that we used transient blockade of PD-1 ligands with mAbs. However, since PD-1-independent mechanism is also possible, the precise mechanism by which CD301b^+^ DCs regulate GC B needs to be elucidated in future studies.

Autoreactive antibody responses are controlled at the level of the bone marrow in developing B cells (central tolerance) as well as at the level of the peripheral tissues (peripheral tolerance). Autoreactive early immature B cells recognizing self-antigens are eliminated in the BM in a cell-intrinsic manner. Once in the periphery, mature B cells that react against autoantigens are suppressed by regulatory T cells (Tregs) in a cell-extrinsic manner ([@bib34]). In the current study, we show an additional mechanism for keeping autoreactive antibodies under control that is mediated by the CD301b^+^ DCs. Based on our analysis of protein antigen immunization in the absence of adjuvants, we believe that the loss of B cell tolerance may be due to the emergence of self-reactive Tfh cells in CD301b^+^ DC-depleted mice. Future studies are needed to determine whether such self-reactive Tfh cells are normally suppressed by CD301b^+^ DCs through direct interaction via PD-1:PD-L1, or through an indirect pathway involving Tregs, and whether depletion of other DC subsets results in the development of autoreactive antibodies.

The results of our current study have important implications on vaccine designs and on the treatment of autoimmune diseases. For example, autoimmune diseases driven by hyperstimulation of B cells, such as SLE, might benefit from enhancing the function of CD301b^+^ DCs and its suppressive mechanisms. For such therapy to be efficacious, CD301b^+^ DCs must be able to reverse a preexisting state of B cell stimulation. On the other hand, inhibiting the functions of CD301b^+^ DCs and/or PD-1 ligands at the time of vaccination may improve the efficacy of a suboptimal vaccine to generate robust isotype-switched immunoglobulin responses. Our data showed that PD-L1 blockade could be delivered transiently at the time of vaccination, alleviating concerns of untoward consequences of long term inhibition of PD-1 engagement ([@bib4]; [@bib50]). While PD-L1 blockade with an antibody is not a practical solution to boost prophylactic vaccine approaches due to the inhibitory costs associated with the antibody, future development of an affordable PD-L1 antagonist might enable implementation of this concept into vaccine design. An optimal combination of the adjuvant to activate B cell affinity maturation and a blocker of inhibition imposed by the CD301b^+^ DC may provide an ideal setting for generating robust protective humoral responses.

Materials and methods {#s4}
=====================

Mice {#s4-1}
----

WT C57BL/6N (B6) and CD45.1 (B6.SJL-*Ptprc^a^Pepc^b^*/BoyJ) OT-II mice were maintained in our specific pathogen-free facility. *Mgl2^DTReGFP/DTReGFP^* mice (RRID:[MGI:5510785](https://scicrunch.org/resolver/MGI:5510785)) were developed as previously described ([@bib28]) and bred with B6 mice to gain heterozygotic Mgl2-DTR mice (RRID:[MGI:5510786](https://scicrunch.org/resolver/MGI:5510786)). huLangerin-DTR mice were bred with B6 or *Mgl2^DTReGFP/DTReGFP^*homozygotes. Transgene-bearing offspring were screened as previously described ([@bib3]). msLangerin-DTR mice (B6.129S2-*Cd207^tm3(DTR/GFP)Mal^*/J; RRID:[IMSR_JAX:016940](https://scicrunch.org/resolver/IMSR_JAX:016940)) were purchased from the Jackson Laboratory (Bar Harbor, ME) and maintained as homozygotes. For depletion experiments, the homozygotic msLangerin-DTR mice were crossed onto *Mgl2^DTReGFP/DTReGFP^*homozygotes to gain heterozygotic msLangein-DTR;Mgl2-DTR (*Mgl2^+/DTReGFP^;Cd207^+/DTRGFP^*) offspring. To generate CD11c-DTR;Mgl2-DTR mice, CD11c-DTR mice (B6.FVB-Tg(*Itgax*-DTR/EGFP)57/Lan/J; RRID:[IMSR_JAX:004509](https://scicrunch.org/resolver/IMSR_JAX:004509)) were crossed with *Mgl2^DTReGFP/DTReGFP^*homozygotes, then transgene-bearing offspring were screened with the following primers to amplify the boundary between the *Itgax* promoter and the DTReGFP cassette: CAGAGCCTGCTTCTGTTCTCCAG and GTTGCTGGTTCCAGCAGCTAG. For generating chimeric mice, WT B6 mice were irradiated with two doses of 475 cGy (total 950 cGy) and reconstituted with 1 x 10^6^ WT, Mgl2-DTR or 1:1 mixture of WT and Mgl2-DTR BM cells. The mice were used for experiments more than eight weeks after the BM transplantation. In most experiments, 2--6 month-old female mice were used. However, due to mouse availability, mice of both sexes were used in experiments involving mice with huLangerin-DTR or CD11c-DTR construct. No gross difference was noted between male and female in those experiments. All animal protocols (protocol number 10365) were approved by and performed in accordance with guidelines set by the Institutional Animal Care and Use Committee at Yale University.

Immunization {#s4-2}
------------

DT or its non-toxic mutant CRM197 (List Biological Laboratories, Campbell, CA) was injected i.p. (0.5 µg in 0.5 ml PBS per dose, except for CD11c-DTR;Mgl2-DTR mice in which only a single dose of 125 ng per mouse was given to avoid toxicity) at indicated time-points. For antibody titer analyses, mice were immunized in the hind footpad on day 0 with indicated dose of OVA (Ovalbumin Low Endo, Worthington Biochemical Corporation, Lakewood, NJ) with 50 µg papain (Sigma-Aldrich, St. Louis, MO), CpG-2216 (TriLink Biotechnologies, San Diego, CA), or LPS (from *Salmonella enterica* serotype typhimurium, Sigma). Alternatively, mice were immunized i.p. with 10 µg OVA suspended in 50% alum in PBS (Imject Alum, Thermo Scientific, Waltham, MA). The immunization was boosted on day 14 by injecting 10 µg OVA in 100 µl PBS i.p. or retro-orbitally without adjuvant. In some experiments, NP~16~OVA (Biosearch Technologies, Petaluma, CA) was used for immunization. In experiments involving BM chimeric mice, an additional boost was given on day 21. For LN cell analyses, mice were immunized on day 0 with 5 µg OVA plus 50 µg papain in 20 µl PBS in the right hind footpad and popliteal LNs were harvested at indicated time-points. Where indicated, TCR-transgenic CD4^+^ T cells were isolated from the spleen and LNs of naïve CD45.1 (*Ptprc^a^*)-expressingOT-II mice by CD4^+^T cell isolation kit (Miltenyi Biotec, San Diego, CA) and transferred (5--10 × 10^5^ cells per recipient) retro-orbitally 4--6 hr before the first DT treatment. For antibody treatments, mice were injected i.p. at indicated time-points with 50 µg per dose anti-Gr-1 (clone RB6-8C5, BioLegend, San Diego, CA) or rat IgG2b isotype control (RTK4530, BioLegend), or with 250 µg per dose anti-PD-1 (clone RMP1-14, BioXCell, West Lebanon, NH), anti-PD-L1 (clone 10F.9G2, BioXCell) or anti-PD-L2 (clone TY25, BioXCell).

Flow cytometry {#s4-3}
--------------

LNs and spleen were minced and digested with collagenase D (Roche, Indianapolis, IN) for 30 min. Peritoneal exudates were collecte by flushing with PBS. Dead cells were gated out by staining with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitrogen, Carlsbad, CA). For staining T and B cell subsets, cell surface markers were stained with mAbs against CD4 (GK1.5), CD19 (6D5), CD45.1 (A20), IgD (11-26c.2a), CD38 (90), CD138 (281--2), PD-1 (RMP1-30), CD44 (IM-7), GL7 (GL7), ICOS (C398.4A), CXCR5 (2G8, BD Pahrmingen, San Diego, CA), CD95 (Jo2, BD Pharmingen) and/or PSGL1 (2PH1, BD Pharmingen). For staining DC subsets, cells were stained with mAbs against CD3 (17A2), CD19 (6D5), MHCII (M5/114.15.2), CD11c (N418), CD11b (M1/70), CD24 (M1/69), CD64 (X54-5/7.1), Ly6C (HK1.4), Ly6G (1A8), CD103 (2E7), CD326 (G8.8), PD-L1 (MIH5, eBioscience, San Diego, CA), PD-L2 (TY25), and/or CD301b (11A10-B7-2) ([@bib28]). For transcriptional factor staining, cells were fixed with Foxp3/Transcription Factor Fixation/Permeabilization Concentrate and Diluent (eBioscience) and stained for Zbtb46 (U4-1374, BD Pharmingen), Bcl6 (BCL-DWN, eBioscience) or Foxp3 (FJK-16s, eBioscience). For intracellular cytokine staining, LN cells were stimulated with Cell Stimulation Cocktail (eBioscience) for an hour at 37°C, then for another 4 hr with Protein Transport Inhibitor Cocktail (eBioscience). Cells were then fixed with Cytofix/Cytoperm Fixation/Permeabilization Solution (BD Biosciences, San Jose, CA) and stained for IL-4 (11B11) and IL-21 (recombinant mouse IL-21R Fc chimera protein, R&D Systems, Minneapolis, MN). Gating was set based on the binding of relevant non-specific antibodies or human Fc chimera protein (R&D Systems). For detecting OVA-specific B cells, surface-stained cells were fixed and permeabilized with BD Cytofix/Cytoperm, then incubated with 10 µg/ml Alexa Fluor 488-conjugated OVA (A488-OVA) for 30 min on ice. All mAbs were purchased from BioLegend unless otherwise indicated. Stained cells were scanned on BD FACS LSR II (BD Biosciences) and analyzed by FlowJo software (Version 9.3.2, TreeStar, Ashland, OR).

ELISA {#s4-4}
-----

OVA-specific serum antibody titers were measured by a standard ELISA protocol. Briefly, MaxiSorp ELISA plates (Thermo Scientific) were coated with 10 µg/ml OVA in carbonate buffer. For affinity maturation analyses, additional plates were coated with 10 µg/ml NP~16~OVA, NP~4~BSA, or NP~34~BSA (Biosearch Technologies). Plates were then incubated with PBS containing 5% fetal bovine serum to block non-specific bindings. Sera were diluted in the blocking buffer as indicated, and applied to the plates. Subclass-specific antibodies that bound to OVA were detected by horseradish peroxidase (HRP)-conjugated goat anti-mouse IgM (Southern Biotech), IgG1, IgG2b or subclass-nonspecific IgG (Jackson ImmunoResearch Laboratories, West Grove, PA) or by biotinylated anti-mouse IgE (RME-1, BioLegend) followed by HRP-streptavidin. Total serum immunoglobulin content was determined with ELISA plates coated with 10 µg/ml goat anti-mouse IgG+M (H+L) (Jackson ImmunoResearch), followed by incubation with HRP-conjugated subclass-specific detection antibodies. Serum anti-nuclear IgG antibodies were captured by Mouse ANA Total Ig ELISA Kit (Alpha Diagnostics, San Antonio, TX) and detected by HRP-conjugated goat anti-mouse IgG Fcg Fragment (Jackson ImmunoResearch). HRP binding was visualized by 1xTMB ELISA Substrate Solution (eBioscience) and the absorbance at 450 nm was detected by a plate reader (Model 680, Bio-Rad, Hercules, CA). For calculating EC~50~ and the maximal absorbance (A~max~), data from each mouse were fit to Y = A~max~\*X/(EC~50~+X) + NS\*X + Background, where Y is observed absorbance and X is serum dilution, with the following restraints: 0 \< A~max ~\< 3.5, 0 \< EC~50 ~\< 1, 0 \< NS \< 2, and 0 \< Background \< 0.1. EC~50~ was assumed as 1.0 where calculated A~max~ was \< 0.2. Affinity maturation was examined by taking the ratio between EC~50~ for NP~4~BSA binding and EC~50~ for NP~34~BSA binding and expressed as the negative log value of the ratio.

Antibody responses against house dust mite (HDM) {#s4-5}
------------------------------------------------

Crude lysates of *D. pteronyssinus* were purchased from Greer Laboratories (Lenoir, NC). For sensitization, about 1x2 cm^2^ area of upper back skin was shaved with a razor on day −1 and painted with 80 µg (as protein concentration in 0.1 ml PBS) of lysates on days 0, 7 and 14. HDM-specific IgG1 and IgG2b were measured in the day 20 sera by ELISA using plates coated with HDM lysates. For detecting HDM-specific IgE, plates coated with anti-mouse IgE (R35-72, BD Biosciences) were incubated with the sera, then further incubated with biotinylated HDM lysates.

Statistics {#s4-6}
----------

All statistical analyses were performed by two-tailed Student\'s t-test with Welch's correction and all bars in graphs indicate means ± S.E.M., unless otherwise indicated. n.s., not significant (p≥0.05), \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001, \*\*\*\*p\<0.0001.
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"CD301b^+^ dendritic cells suppress humoral immunity against protein antigens\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by a Reviewing Editor and Tadatsugu Taniguchi as the Senior Editor. The reviewers have opted to remain anonymous.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

All three referees found the data showing substantial increases in Tfh cellularity, GC B cell generation and antibody production following depletion of CD301b^+^ DC and after immunization with a diverse set of antigens and adjuvants to be very intriguing and potentially of high significance. The existence of a cellular mechanism that actively suppresses the production of a high-titer/high-affinity antibody response is clearly an interesting finding. However, several important concerns were raised that need to be addressed in a revised paper before the work can be accepted for publication in *eLife*.

Essential issues that must be addressed:

1\) A key issue is connecting and reconciling the current data with an earlier study by the same authors (Kumamoto, Immunity 2013). In this earlier manuscript the authors described a nearly complete abolishment of IL-4 production by CD4 T cells in LN and spleens after CD301b^+^ DC depletion and OVA+papain immunization. Given that IgE and IgG1 antibody class-switching is generally accepted to be IL-4 dependent, the current description of substantial increases in such antibody isotypes is difficult to reconcile with the previously published data. A more substantial effort is thus required to consolidate the two findings and explain how one generates type-2 antibody responses in absence of type-2 cellular immunity. For example, is there a substantial increase in IL-4 production from non-T cell sources (i.e. basophils, mast cells) after DC depletion? Is there an increase in IL-21 production that is capable of substituting for lack of IL-4? Are other non type-2 antibodies, such as IgG2a, IgG3 also increased? The 2013 manuscript demonstrated substantial increases in frequency of IFNγ producing cells, which would in principle skew the humoral response towards these antibody subclasses. In this regard, it would be helpful to demonstrate intracellular IL-4 and IFNγ cytokine levels after ex vivo restimulation on the non-Tfh, Tfh and GC-Tfh phenotype CD4 T cells following immunization in this depletion model.

2\) The authors go through considerable effort to show that this phenomenon is specific to depletion of the CD301b^+^ DC population, and is not a simple artifact of cell death due to DT treatment. However, a possibility remains that modulation of Ab production in these mice is due to an off target effect of DT injection through the depletion of a DC-independent Mgl2+ population. Can the authors provide a detailed description of the composition of macrophages and DC in the skin DLN and non-DLN and peritoneal cavity of Mgl2+-DTR mice treated with DT or PBS? These data should be added to [Figure 2](#fig2){ref-type="fig"}. It would also be instructive to compare directly ex-vivo the capacity of OVA-pulsed Mgl2+ and Mgl2- cutaneous DC to promote Tfh differentiation and expansion.

3\) Technically, the least convincing section of the manuscript is the attribution of DC inhibition of antibody responses to the PD-1 pathway. This is based primarily on the proposed absence of an additive effect between CD301b^+^ DC depletion and anti-PDL1/2 treatment. This is somewhat problematic, for the following reasons:

First, although anti-PDL-1 does not appear to have an additive effect over DC depletion, [Figures 9C and F](#fig9){ref-type="fig"} show increases in GC/antibody responses with anti-PDL2 treatment (although the comparison in 9C does not reach statistical significance with the small N provided, but this does not mean that there\'s no difference).

Second, how sure are the authors that anti-PDL1 antibody treatment does not lead to depletion of CD301+DCs? Is this population still there after treatment? Also, do the authors obtain the same effects by blocking with an anti-PD-1 antibody? Anti PD-1 treatment is mentioned in the methods but does not seem to be discussed in the main text.

Third, even if PD-L1/2 antibodies do not deplete CD301b^+^ DCs, the absence of an additive effect for blocking PD-1 ligands does not necessarily mean this is their mechanism of action -- it could well be that DC depletion alone already increases the response to a level that is too high for any effects of PD-1 ligand blocking to be noticeable.

Here again assessing the contribution of PDL-1 and PDL1 to Mgl2+ DC modulation of Tfh expansion ex vivo should be informative.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled \"CCD301b^+^ dendritic cells suppress T follicular helper cells and antibody responses to protein antigens\" for further consideration at *eLife*. Your revised article has been favorably evaluated by Tadatsugu Taniguchi (Senior editor), a Reviewing editor, and three reviewers.

The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below:

1\) The new dataset in [Figure 8F](#fig8){ref-type="fig"} demonstrating increased frequency of IL-4/IL-21-producing TfH should show how the placement of the gates for cytokine-positive cells were determined (isotype or naive control plots would help).

2\) The new dataset on autoantibody production presented in [Figure 6](#fig6){ref-type="fig"} is very interesting. It would be helpful to know whether such effects are specifically due to the CD301b^+^ DC depletion or to DC death in general, and would be observed in a DT-treated Langerin-DTR system, as an example.

3\) Please indicate whether the OVA used for these studies was endotoxin-free. Although not significantly altering the major findings of the manuscript, this would be important for the conclusions reached for the adjuvant-free studies.

4\) The finding that DT injection leads to substantial accumulation of Ly6C^+^ cells in the peritoneum suggests that DT leads to inflammatory events that could have triggered increased myelopoiesis or promoted the release of myeloid cells which in turn could have contributed to the dysregulated immune response. This should be mentioned by the authors in the Discussion.

5\) The authors have not addressed concerns regarding the contribution of PDL1 in CD103b^+^ DC-mediated control of Tfh and B cell response. Please remove strong claims regarding the potential role of PDL-1 from the Abstract and modulate their claim in this regard in the Results and Discussion sections.

10.7554/eLife.17979.022

Author response

Essential issues that must be addressed:

1\) A key issue is connecting and reconciling the current data with an earlier study by the same authors (Kumamoto, Immunity 2013). In this earlier manuscript the authors described a nearly complete abolishment of IL-4 production by CD4 T cells in LN and spleens after CD301b^+^ DC depletion and OVA+papain immunization. Given that IgE and IgG1 antibody class-switching is generally accepted to be IL-4 dependent, the current description of substantial increases in such antibody isotypes is difficult to reconcile with the previously published data. A more substantial effort is thus required to consolidate the two findings and explain how one generates type-2 antibody responses in absence of type-2 cellular immunity. For example, is there a substantial increase in IL-4 production from non-T cell sources (i.e. basophils, mast cells) after DC depletion?

We agree with the referees that it is important to determine how so called "type 2" antibodies are being generated in the absence of Th2 cells.

We observed a slight increase in IL-4 production by non-T cells, though, given their low frequency above the background, we are hesitant to be conclusive and do not wish to include the data for publication (see [Author response image 1](#fig12){ref-type="fig"}). Instead, to our excitement, even though the Th2 responses was reduced (consistent with our study in 2013), we found that the Tfh cells generated in the absence of CD301b DCs produce intact levels of IL-4 and IL-21 (comparable to the undepleted mice). In addition, there were a lot more Tfh cells in the CD301b-depleted mice. We believe that the combination of the increase in the number of Tfh, as well as their robust secretion of IL-4 and IL-21, explains why the CD301b-depleted mice are capable of generating the type 2 antibody responses including IgE and IgG1. These data are included as new [Figure 8F](#fig8){ref-type="fig"}.10.7554/eLife.17979.019Author response image 1.IL-4 production from non-T cells in CD301b^+^ DC-depleted mice.Dashed line indicates staining background.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.019](10.7554/eLife.17979.019)

Is there an increase in IL-21 production that is capable of substituting for lack of IL-4?

As stated above, we examined the production of IL-21 and IL-4 in CD301b-depleted or intact mice and observed intact production of IL-21 and IL-4 in in antigen-specific Tfh cells. These data are now included in [Figure 8F](#fig8){ref-type="fig"}.

Are other non type-2 antibodies, such as IgG2a, IgG3 also increased?

We measured IgG3 levels in CD301b-depleted immunized animals. IgG3 responses were not induced upon immunization with papain + OVA. Please see [Author response image 2](#fig13){ref-type="fig"}).10.7554/eLife.17979.020Author response image 2.IgG3 production in mice immunized with OVA plus papain in the footpad.All mice received intraperitoneal injection of OVA without papain on day 14.**DOI:** [http://dx.doi.org/10.7554/eLife.17979.020](10.7554/eLife.17979.020)

*The 2013 manuscript demonstrated substantial increases in frequency of IFNγ producing cells, which would in principle skew the humoral response towards these antibody subclasses. In this regard, it would be helpful to demonstrate intracellular IL-4 and IFNγ cytokine levels after* ex vivo *restimulation on the non-Tfh, Tfh and GC-Tfh phenotype CD4 T cells following immunization in this depletion model.*

In our 2013 manuscript in Immunity, we demonstrated a trend for increase in IFN-g producing cells (however not significant).

As described above, we demonstrate that the OVA-specific CXCR5^-^ OT-II cells (Th2 cells) indeed express lower levels of IL-4, whereas CXCR5^+^OT-II Tfh cells express intact levels of IL-4 and IL-21, and are much more numerous in the CD301b-depleted mice (see our new data [Figure 8F](#fig8){ref-type="fig"}). We believe this explains why the humoral responses are skewed towards the "type 2" antibody classes.

2\) The authors go through considerable effort to show that this phenomenon is specific to depletion of the CD301b^+^ DC population, and is not a simple artifact of cell death due to DT treatment. However, a possibility remains that modulation of Ab production in these mice is due to an off target effect of DT injection through the depletion of a DC-independent Mgl2+ population. Can the authors provide a detailed description of the composition of macrophages and DC in the skin DLN and non-DLN and peritoneal cavity of Mgl2+-DTR mice treated with DT or PBS? These data should be added to [Figure 2](#fig2){ref-type="fig"}.

We have examined the macrophage and DC composition in the skin dLN and ndLN and peritoneal cavity of the Mgl2-DTR mice treated with DT or PBS. These results showed a clear depletion of the CD301b^+^ DCs in DT treated mice, and an increase in the Ly6C^+^ cells in the peritoneum. We also added new data on the phenotype of CD301b^+^ cells in the LNs and the peritoneal cavity, showing that they express a conventional DC-specific transcription factor Zbtb46. We have now added these results to [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}.

It would also be instructive to compare directly ex-vivo the capacity of OVA-pulsed Mgl2+ and Mgl2- cutaneous DC to promote Tfh differentiation and expansion.

We have attempted, several times, to establish an in vitro co-culture system to promote Tfh differentiation and expansion. There is one paper published Shin et al. (Cell Rep, 11:1929), which shows that Tfh can be generated in vitro. We have tried to reproduce their data and to adopt this system to study Tfh in vitro but were unable to do so. Ours is not an isolated failure, as there have never been a reported successful in vitro Tfh culture or DC-Tfh differentiation system using mice. For us to develop a de novo DC-Tfh culture system would require a lot of resource and time, and we consider such endeavor to be a separate project from this current study.

3\) Technically, the least convincing section of the manuscript is the attribution of DC inhibition of antibody responses to the PD-1 pathway. This is based primarily on the proposed absence of an additive effect between CD301b^+^ DC depletion and anti-PDL1/2 treatment. This is somewhat problematic, for the following reasons:

First, although anti-PDL-1 does not appear to have an additive effect over DC depletion, [Figures 9C and F](#fig9){ref-type="fig"} show increases in GC/antibody responses with anti-PDL2 treatment (although the comparison in 9C does not reach statistical significance with the small N provided, but this does not mean that there\'s no difference).

We agree that the GC B cell frequency is slightly elevated in couple of mice in the group that were CD301b^+^ DC-depleted and treated with anti-PDL2 antibody. However, the differences were not statistically significant ([Figure 10C](#fig10){ref-type="fig"}). As the referees point out, there is a slightly elevated IgG2b, but not IgG1, in anti-PDL2 treated CD301b^+^ DC-depleted animals shown in [Figure 10F](#fig10){ref-type="fig"}. Since PDL2 expression on the remainingDCs was not affected by the depletion of CD301b^+^ DCs ([Figure 10---figure supplement 1A](#fig10s1){ref-type="fig"}), these data suggest that the residual PDL2+ cells play suppressive role on IgG2b production and possibly on GC B cell expansion in a PDL2-dependent manner. We now discuss these possibilities in the second paragraph of the subsection "PD-L1 blockade enhances expansion of Tfh and GC B cells only in the presence of CD301b^+^ 328 DCs".

Second, how sure are the authors that anti-PDL1 antibody treatment does not lead to depletion of CD301+DCs? Is this population still there after treatment? Also, do the authors obtain the same effects by blocking with an anti-PD-1 antibody? Anti PD-1 treatment is mentioned in the methods but does not seem to be discussed in the main text.

We have examined whether anti-PDL1 or anti-PDL2 treatment depletes CD301b^+^ DCs. Our data clearly show that neither of these antibodies led to the depletion of the CD301b^+^ DCs. We have included these data in [Figure 10---figure supplement 1B](#fig10s1){ref-type="fig"}. We also have examined whether blocking PD-1 in WT mice mimics the enhanced antibody production observed in Mgl2-DTR mice. Although previous reports show controversial results on the role of PD-1 in humoral immunity (discussed in the second paragraph of the subsection "PD-L1 blockade enhances expansion of Tfh and GC B cells only in the presence of CD301b^+^ 328 DCs"), the PD-1 blockade during the priming in our immunization protocol indeed showed enhanced antibody production similar to that observed in Mgl2-DTR mice. The data are now shown in [Figure 10---figure supplement 2D](#fig10s2){ref-type="fig"}.

Third, even if PD-L1/2 antibodies do not deplete CD301b^+^ DCs, the absence of an additive effect for blocking PD-1 ligands does not necessarily mean this is their mechanism of action -- it could well be that DC depletion alone already increases the response to a level that is too high for any effects of PD-1 ligand blocking to be noticeable.

Since there are many PD-L1-expressing cells left intact in CD301b^+^ DC-depleted mice ([Figure 10---figure supplement 1A](#fig10s1){ref-type="fig"}), our data indicate that blocking those residual PD-L1 epitopes does not further increase GC B cell responses In addition, we observed a further increase in IgG2b ([Figure 10F](#fig10){ref-type="fig"}) in CD301b^+^DC-depleted animals treated with anti-PD-L2, the data argue against the idea that GC responses were simply maxed out by the depletion of CD301b^+^ DCs alone. As the referees suggest, however, that the depletion of CD301b^+^ DCs might have elevated the GCB and antibody responses to the point that further treatment with anti-PD-L1 or PD-L2 was unable to reveal additional enhancement, even if they existed. Future studies are needed to selectively knockout PD-L1 or PD-L2 from CD301b^+^ DCs in order to clearly address the role of these ligands in suppression of Tfh, GCB and antibody responses. We now included this discussion in the second paragraph of the subsection "PD-L1 blockade enhances expansion of Tfh and GC B cells only in the presence of CD301b^+^ 328 DCs".

*Here again assessing the contribution of PDL-1 and PDL1 to Mgl2+ DC modulation of Tfh expansion* ex vivo *should be informative.*

Please see our discussion about ex vivo Tfh induction above.

\[Editors\' note: further revisions were requested prior to acceptance, as *described below.\]*

1\) The new dataset in [Figure 8F](#fig8){ref-type="fig"} demonstrating increased frequency of IL-4/IL-21-producing TfH should show how the placement of the gates for cytokine-positive cells were determined (isotype or naive control plots would help).

We have now added isotype staining control panels for IL-4 and IL-21 staining in [Figure 8F](#fig8){ref-type="fig"}.

2\) The new dataset on autoantibody production presented in [Figure 6](#fig6){ref-type="fig"} is very interesting. It would be helpful to know whether such effects are specifically due to the CD301b^+^ DC depletion or to DC death in general, and would be observed in a DT-treated Langerin-DTR system, as an example.

While we understand reviewer\'s concern regarding the potentially non-specific impacts from DC death on autoantibody production, repeating the experiment in Langerin-DTR mice alone will take several more months. Since we show subset specificity of the increased antibodies in the immunization-induced model ([Figure 9](#fig9){ref-type="fig"}), we hope that the referees and the editors would agree to let us proceed without having to include the autoantibody experiment in Langerin-DTR mice. Instead, we now inserted a sentence regarding this issue in the Discussion. However, if the editors deem this point to be absolutely critical to our study, we are open to conducting such experiments.

3\) Please indicate whether the OVA used for these studies was endotoxin-free. Although not significantly altering the major findings of the manuscript, this would be important for the conclusions reached for the adjuvant-free studies.

We use low-endotoxin OVA (≤1EU/mg) from Worthington. It is now mentioned in the Immunization section in the Methods.

4\) The finding that DT injection leads to substantial accumulation of Ly6C^+^ cells in the peritoneum suggests that DT leads to inflammatory events that could have triggered increased myelopoiesis or promoted the release of myeloid cells which in turn could have contributed to the dysregulated immune response. This should be mentioned by the authors in the Discussion.

Although we cannot eliminate possibilities of potential side effects that might affect the immune response, we have experimentally excluded the contribution of Ly6C^+^ cells in [Figure 9G](#fig9){ref-type="fig"} and [Figure 9---figure supplement 1D](#fig9s1){ref-type="fig"}. We have also added a statement to emphasize this fact in the subsection "LN-resident, but not migratory, DCs promote Tfh, GC B and antibody responses".

5\) The authors have not addressed concerns regarding the contribution of PDL1 in CD103b+ DC-mediated control of Tfh and B cell response. Please remove strong claims regarding the potential role of PDL-1 from the Abstract and modulate their claim in this regard in the Results and Discussion sections.

We modified the Abstract and deleted \"possibly through PD-L1\" from the Results. We also modified our statement in the Discussion (sixth paragraph) and also mentioned the possibility of PD-1-independent mechanism (seventh paragraph).
